==========================

Bulk solvent correction and scaling:

==========================

It is well known that macromolecular crystals contain a large amount of disordered solvent reaching sometimes 70% of unit cell volume. The scattering contribution of this solvent becomes significant at low resolution starting from about 6.0 A. There are several aspects where the appropriate modeling of low resolution data is of great importance: electron density map analysis (Urzhumtsev, 1991), crystallographic refinement (Kostrewa, 1997), precise calculation of electrostatic properties of molecules (Lecomte, 1999), translation search part of structure solution by Molecular Replacement method (Fokine et al., 2003). Basically two bulk solvent models are currently in use by popular crystallographic packages: the exponential scaling model (Moews & Kretsinger, 1975; Tronrud, 1997) and flat model (Phillips, 1980; Jiang & Brunger, 1994). The first model is only justified for the very low-resolution data, lower than 15 A (Podjarny & Urzhumtsev, 1997), and becomes incorrect at higher resolutions. The flat model is shown as physically more reasonable (Fokine & Urzhumtsev, 2002) and being compared to all others models is demonstrated as more efficient in sense of both computations and quality of final result obtained (Jiang & Brunger, 1994).

Based on the arguments above, we implemented the flat bulk solvent model into cctbx. 

The whole bulk solvent modeling and scale procedure contains four main steps: molecule mask calculation, structure factors calculation from the mask, determination of solvent parameters ksol and Bsol and finding of overall anisotropic scale coefficient (Sheriff & Hendrickson, 1987). 

The algorithm of mask calculation is realized as described by (Jiang & Brunger, 1994). Corresponding Python code looks like this::

from iotbx import pdb

import os

import bulk_solvent_models

from iotbx import reflection_file_reader

from cctbx import miller

from mmtbx.masks import masks

from mmtbx.bulk_solvent.bulk_solvent import *

from cctbx import crystal

pdb_file = os.path.expandvars('1F8T.pdb')

hkl_file = os.path.expandvars('1F8T.hkl')

xray_structure = pdb.as_xray_structure(pdb_file)

refl = reflection_file_reader.any_reflection_file(file_name=hkl_file)

refl_arrays = refl.as_miller_arrays(crystal_symmetry = xray_structure)

f_obs = refl_arrays[0].resolution_filter(99., 2.5)

f_calc = f_obs.structure_factors_from_scatterers(

                                 xray_structure=xray_structure).f_calc()

mask_manager = masks.mask_utils(

                 structure = xray_structure,

                 mask_grid_step = f_obs.d_min() / 4.,

                 shell = 5.0,

                 shrink = 1.0,

                 rsolv = 1.0)

f_mask = mask_manager.sf_from_mask(f = f_obs)

print "miller array for mask structure factors: ", f_mask 

print mask_manager.accessible_surface_fraction()

print mask_manager.contact_surface_fraction()

print "row array of mask values: ", mask_manager.as_array()

Output::

miller array for mask structure factors:  <cctbx.miller.array object at 0x85a94ec>

0.330885416667

0.45850308642

row array of mask values:  <scitbx_array_family_flex_ext.double object at 0x8777f5c>

The bulk solvent structure factors and parameters ksol and Bsol can be calculated adding the following lines to the previous code::

bulk_solvent_manager = bulk_solvent_models.bulk_solvent(

                                      verbose=-1,

                                      f_obs = f_obs,

                                      f_calc = f_calc,

                                      f_mask = f_mask,

                                      aniso_scale_flag = 0001,

                                      bulk_solvent_correction_flag = 0001)

print "flat model bulk solvent parameters: ", bulk_solvent_manager.ksol_bsol()

print "bulk solvent structure factors: ", bulk_solvent_manager.f_bulk()

Output::

flat model bulk solvent parameters:  (0.31, 38.0)

bulk solvent structure factors:  <cctbx.miller.array object at 0x847ad24>

anisotropic scale matrix:  <scitbx_array_family_flex_ext.double object at 0x87757ac>

All commonly used refinement programs use minimizers to find the bulk solvent parameters and anisotropic scale matrix. However some traps are possible in this way making the use of minimizers not reliable option:

1) diffraction data is not good enough at low resolution (for example, incomplete).

2) parameters ksol and Bsol are highly correlated,

3) optimization of combination of two exponential functions is ill behaved problem,

4) starting values for minimization of ksol and Bsol are far away from correct ones.


That is why we have chosen more robust procedure to implement in the cctbx. As it has been demonstrated in (Fokine & Urzhumtsev, 2002), the ksol and Bsol are distributed around 0.35 eA-3 and 46 A2 correspondingly. So we decided to use the grid search looking for ksol and Bsol in a physically meaningful range of values, accordingly [0,1] and [0,100]. The procedure is organized as following: for each trial pair (ksol, Bsol) from the specified range we calculate anisotropic scale coefficient (using minimizer) and the value of criterion function. Running through all values of ksol and Bsol from given range, we select that ones which minimize our criterion. It should be emphasized here that in this search procedure we use whole resolution range of data and not separate the reflections into low- and high-resolution pools. Such a data separation is suggested in (Jiang & Brunger, 1994) and realized in CNS program (Brunger et al., 1998) in order to make the minimization procedure more stable. 

Another new feature that differ this implementation of scaling procedure from existing is that the Maximum-Likelihood function can be used as the criterion to judge the bulk solvent parameters and anisotropic scale factor (details and corresponding formulas will be presented elsewhere). For example, until now in spite of the fact that maximum-likelihood based refinement strategy is chosen, all refinement programs use least-squares target to find bulk solvent and scale parameters and use likelihood function to optimize all the rest parameters. Such approach seems to be at least illogical. This inconsistency is eliminated in cctbx. 

===========================================

Relative scaling of crystallographic functional and restraints 

===========================================

The crystallographic refinement usually considers the minimization of sum of two functions. One of them is responsible for the fit of experimental data and the rest are the restraints coming from an a priori knowledge. These two functions are usually in different scale and have different mathematical features, so an appropriate relative scaling has to be applied in order to balance this sum. We implemented in the cctbx the scheme proposed in (Adams et al., 1997).

========================

Crystallographic target functions

========================

Four crystallographic target functions are available: full maximum-likelihood (Lunin et al., 2002), its quadratic approximation (Lunin & Urzhumtsev, 1999), least-squares and correlation coefficient. 

Likelihood based target functions are implemented with both modes of distribution parameters (alpha and beta) calculation:

        - alpha & beta estimated by maximization of likelihood function given a current model and experimental Fobs (Lunin & Skovoroda, 1995).

        - alpha & beta calculated by exact formula (see, for example, Afonine).
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